Analysis of near electric and magnetic field magnitudes and pattern in tissue layers due to exposure from a dipole antenna would normally require extensive electromagnetic computation, with significant computing resource and time. In this paper, the authors have developed an analytical approach to provide a fast, intuitive estimate of near field exposure by direct closed-form formulae, without the need of integration by numerical computation. A computational tool based on the proposed approach has been developed in MATLAB ® to estimate near field exposure of various points of different tissue layers adjacent to a dipole operating in 900 MHz frequency. Results of this approach were obtained with significantly lower computational time when compared against those computed with a commercial Maxwell's equations solver FEKO ® . Empirically-derived correction factors are introduced to adjust for the assumptions required in developing direct closed-form formulae. We found that the root mean square error in using the analytical formulae is less than 16.5% for considered scenarios, where we represent tissue layers with dielectric layers. The approach developed here is used to observe near fields at closer distance in comparison to previous literature, is capable to investigate fields at continuous resolution without requiring more computational resource, and has reconciled some discordant results in the literature.
INTRODUCTION
NEAR electromagnetic field analysis generally would not produce direct closed-form analytical formulae and would require integration to be solved using numerical methods [1] . To date, to the best of authors' knowledge, near field analysis in typical tissue layers adjacent to a dipole antenna operating at radio frequency (RF) band has not produced direct closed-form formulae [2] .
The objective of this paper is to provide an analytical approach in direct closed-form formulae to estimate the near electric and magnetic field induced in biological tissue layers, represented by dielectric layers, due to exposure from a dipole antenna. The developed formulae should be able to provide intuitive and fast estimates of the induced near fields at fine resolution, particularly in hazard assessment in non-standard environments.
Kuster and Balzano [3] derived a simplified algorithm based on an analytic formula to consider the RF energy absorption patterns from a dipole antenna placed 15 mm or more from a homogeneous lossy dielectric medium. The medium had comparatively high relative permittivity  r and conductivity  values of 54 and 1.4 S/m respectively. They showed that the SAR was proportional to the square of the incident magnetic field. For a dipole antenna, the magnetic field profile parallel to the dipole axis at a particular distance from the feed point is sinusoidal in shape, with a single peak located at a central location.
Chuang [4] used a Finite-Difference Time Domain (FDTD) solver to compute the induced fields within a layer of fat located in the near field of a dipole antenna. However, instead of finding one peak within the fat layer, two peaks located near the edge of the antenna were found. The  r and  of the investigated fat layer were much lower than in [3] .
More recent work in Kivekas et al [5] showed that the normal electric field component in the tissue is significant when  r is low since the normal free space incident electric field in free space is divided by this quantity. This analysis gave rise to two maxima within the fat tissue located in the near field of a dipole antenna, which would not be found if one only uses the Kuster and Balzano approach [3] which actually only observes the tangential electric field. This paper will also aim to resolve the apparent discrepancy in the number of maxima predicted. 
THEORETICAL DEVELOPMENT
This paper is built on the following basic principles, which are broadly in line with previous work just reviewed:
 the induced electric field within a dielectric medium consists of normal and tangential components (the normal component is suppressed significantly when the relative permittivity of the dielectric is high and thus only exhibits the induced tangential component).  the value of induced normal electric field component is proportional to the normal incident electric field in the free space at relevant distance, divided by the relative permittivity value of the medium  the value of induced tangential electric field component is proportional to the free space magnetic field at relevant distance Balanis [6] showed that closed form formulae are available to estimate, for the near field, the electric and magnetic field around a dipole when the dipole is assumed to be a thin wire, of infinitesimal centre gap, and has sinusoidal current distribution. In combination with the Balanis formulae, the principles stated above can be employed to provide direct closed-form formulae to estimate the induced near electric and magnetic fields in dielectric layers subject to exposure from a dipole. However, since the Balanis formulae are developed for free space conditions, an empirical adjustment is needed and must be determined when dealing with estimation of the free space electric and magnetic field due to the close placement of a dipole next to layered dielectrics.
Mathematically, the principles above can be written as: where  is the relative magnetic permeability (valued 1 in this discussion). Following a suggestion [8] (which approach was shown to be successful) the parameter ' avg is the average of real permittivity of the layered dielectrics, weighted according to the thickness of each layer as follows: (2.5) in which  r n = real relative permittivity of the n th medium t s n = thickness of the n th layer N = number of layers of finite thickness 
VERIFICATION OF THEORY

SCENARIO CONSIDERED
The dipole antenna, shown in Figure 1 , assumed to be of thin wire, infinitesimal centre gap with sinusoidal current distribution, is placed between 5 and 9 mm distance from dielectric layers. The antenna is chosen to be operating at 900 MHz with 0.1 A (peak) current. This frequency, which is still widely in use for communications, was chosen to allow for comparison with previous work. The dipole length is chosen between 0.35 and 0.45 free space wavelength -an effective and practical length of a dipole with high radiation resistance and small reactive impedance. The layers (from L to R) represent skin, fat, skull and brain, where the following parameters were used for these layers: These dielectric values follow those used in [5] , based on the work by Penn and Bell [9] . Previously it has been shown that layered models of the head gave comparable results to voxelbased models using anatomical data [10] .
Simulation tools were developed in MATLAB ® to compute the induced electric field in these dielectric layers based on the developed analytical approach, using equations (2.1) to (2.5), starting with the free space fields computed from the Balanis formulae [6] . The procedure, including correction factors discussed in Section 4, is summarised in the Appendix.
COMPUTATION USING FEKO ®
Using the same parameters described in section 3.1, the computational software package FEKO (EMSS-SA 2012) [11] was used to determine the induced near electromagnetic fields in layers of dielectrics as shown in Figure 1 . For a wire of 1 mm diameter, the number of wire segments was chosen to be between 21 and 31 (an odd number, to allow the centre segment to be the antenna feeder). Wire diameter and the number of segments are required to run the simulation in FEKO. A voltage source was placed in the feeder (middle of the dipole) to produce a 0.1 A (peak) antenna current.
RESULTS AND VERIFICATION
Simulation results from FEKO were exported to MATLAB to allow direct comparison between the results from the proposed analytical approach and results from FEKO simulations. The observed accuracy from the various investigation scenarios are also presented in Section 5, in the form of Normalised Root Mean Square Errors (NRMSE). . The analytical approach executed by MATLAB was performed by using the modified Balanis formulae (see Appendix) to compute free space fields with the presence of layers of dielectrics. Afterwards, the fields within dielectrics are computed using equations (2.1) to (2.3). Although not shown here due to limited space, the verifications were also performed for other lengths of dipole, as well as for other distances between the object and the dipole, with similar amount of agreement observed. Our approach can also be used to effectively estimate induced total electric field at different layers of layered lossy dielectrics as shown in Figure 7 . The important ramification inferred from Figure 7 is that a phenomenon may exist where the induced electric field is significantly higher although at further distance from the dipole. This occurs for a layer with significantly lower permittivity, placed after a significantly higher permittivity layer, in the near field region. The SAR (given by E tot 2 /, where  is tissue density) is particularly low in layer II, because  there (Section 3.1) is low. Figure 7 . Induced total electric field at different layers of layered lossy dielectrics, observed at z = 60 mm (at the peak value of normal electric field), based on the analytical computations in MATLAB, compared with FEKO simulation results for higher resolutions, for a 0.40 dipole located at 5 mm distance from the object. Layers as described in Section 3.1.
EMPIRICALLY DERIVED CORRECTION FACTORS
Initially, a dipole length of 0.4  was chosen because of its input impedance being close to 50 . For free space conditions, the discrepancy between the analytic Balanis formulae (derived with assumptions) and numerical (FEKO) results were less than 1%, for values of  (the radial distance from the antenna feedpoint to the particular point in space) greater than 30 mm ( > 0.1). For close distances, the discrepancy was greater. For example, when the total electric field along the z axis is plotted at  was 3 mm ( = 0.01), the FEKO approach gave two peaks at z = ± 63 mm , which were 26.3% higher than that using the Balanis formulae [6] . Therefore, a scaling factor of 1.263 was introduced to compensate for the differences in magnitude. This scaling factor is the maximum scaling factor along the cylindrical coordinate -axis, considering a scenario which observes the induce electric field at a 3mm distance or more from the dipole. Inclusion of this scaling factor provided close agreement in the profile and magnitude of the induced electromagnetic fields at distances to  = 0.015.
Dielectric layers, as outlined in section 3.1, are then put next to the dipole. When the face of the first layer was at 5 mm distance d ao (see Figure 1) , the peak total electric field value at the y = 3 mm, z = ± 63 mm points were additionally 26.5% greater than that given without the presence of an object, thus the value from the Balanis approach had to be scaled by a second scaling factor of 1.265, making the total scaling 1.263 x 1.265 ≈ 1.60. For simplicity, we do not provide different scaling factor along the -axis, since it is going to be less than 1.60 and that the discrepancies would be within margin of error, as observed in section 5.
Further, since the investigation did not consider an object at a distance closer than 5 mm (this being a typical distance between a mobile phone antenna and the skin), the discrepancies arising from shorter distances between the antenna and dielectric layers were not examined. In order to determine the appropriate scaling factor for distances d ao 5 -30 mm (0.015 -0.09 ), normalised observed comparisons were then plotted and curve fitting based on a double exponential was applied (Figure 8 ). It can be seen that at distances greater than 30 mm, the scaling factor became steady at 0.79. This value is close to that expected from the reflection coefficient for an air-skin interface, based on the values given in section 3.1. Note that the 1.64 value in the expression for c fa corresponds to the 1.60 value referred to above; the small difference occurs because of curve fitting. It can also be seen that at practical dipole length between 0.35  and 0.45 , characterised with high ratio between radiation resistance and imaginary impedance [7] , the scaling factor becomes steady. In order to judge the stability of these correction factors, simulations with FEKO were performed where the object (Figure 1 ), placed 5 mm from the dipole (d ao ), had the following scenarios:
 only one infinitely thick layer, with ε r and σ varying from 5 to 41 and 0.05 to 0.9 S/m, respectively  four layers, but the thickness of the first layer (skin) varying from 2 to 4 mm  the sequence of layers altered.
It was found that the above variations yielded negligible changes (< 2%) to the incident electric field in the free space area between the dipole and the object (for the same antenna current of 0.1 A peak).
In view of the above, the total scaling factor c f used in determining the corrected incident electric fields in the air gap between the dipole and a 4-layered dielectric object, with a dipole length (l d ) of 0.15 to 0.45 , and an object distance d ao between 0.015 and 0.15 , was:
This then allows the estimation of fields within dielectrics using equations (2.2) and (2.3). It should be noted that the tangential electric field does not take into account a scaling factor in the near field analysis within the free space between the dipole and the object. The first reason is that equation (2.3) does not refer to tangential electric fields in free space. Secondly, only the normal electric field was influenced significantly by the variation in length of the dipole, and variations in d ao . Thirdly, it was found, as shown in Figure 10 , that the normal electric field dominant in the near field (free space). Figure 10 shows the incident field observed at  = 3 mm from the dipole, with a 5mm value for d ao between the dipole and 4-layered dielectric object (other parameters: dipole length of 0.4 , fed with a 0.1 A (peak) current). A correction factor c im is also introduced to be used in estimating the induced magnetic field H to minimize the difference between computation results using original Balanis formulae and FEKO. As before, a correction factor c im was introduced heuristically and approximated as: (4.3) for  < 0.15, where   represents the real part of wave number in free space, and  and  are as before. In particular, the denominator in equation (4.3) is introduced by considering the corresponding denominator of antenna current model by King et al [12] , which Balanis did not consider. The numerator in (2.7) is introduced heuristically by comparing the magnitude of the magnetic fields in free space (at points distanced from the dipole), between the results of field computation of the Balanis formulae and FEKO, for  < 0.15, where this value of 0.15 corresponds to the value of 1/(2.
MEASURED ACCURACY
Verification of the analytical approach introduced in this paper was quantified using a Normalized Root Mean Square Error (NRMSE), comparing the results from the proposed Values of NRMSE of the computed induced EMF in different layers, for varied length of the dipole and distance between the dipole and the object, are tabulated in Tables 1  and 2 . These values provide useful guideance as to the suitability and possible margin of error of the proposed analytical approach.
It can be inferred from Tables 1 and 2 that the majority of errors listed for the total electric field resulting from the proposed analytical computations are less that 10%, with a maximum error of 16.5%. Given the simplicity, insight and very good agreement with a relatively small margin of error, the proposed analytical approach shows significant applicability. This also means that the effect of secondary field induction (due to induced current and which is computed in FEKO) could be excluded in order to reduce the model complexity while allowing good accuracy. Furthermore, one can also observe the fields' profile in layers of dielectrics at the horizontal line away from a vertical dipole. It is found that, depending on the relative permittivity value of the layer, a higher magnitude of fields can be induced at a greater distance. The changes of induced fields between the layers are very abrupt. These are shown in Figure 7 (note that the y-axis is on a logarithmic scale). 
CONCLUSION
In this paper, a novel approach has been proposed and examined to estimate the induced electromagnetic field within layered dielectrics in the near field of a finite length dipole. The existence of normal electric field in low relative permittivity dielectric layer within close distance of antenna exposure is quantitatively shown to be significant and cannot be neglected. The verification with simulation results from FEKO shows that there was good agreement in the profile of the fields, with a maximum of 16.5% over all scenarios considered. In particular, the apparent anomaly regarding two peaks in the fat layer, mentioned in the introduction, has been clarified. Future work would require the investigation on extended scope of estimation produced by the direct closedform formulae. 2. Afterwards, the normal electric field component in dielectric is computed using equation 2.2 and the tangential electric field component is computed using equation 2.3.
